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IntroducFon	  (1)	
•  T2K’s	  approved	  POT	  by	  J-‐PARC	  PAC	  is	  7.8e21.	  
–  Current	  delivered	  POT	  is	  1.1e21	  (15%).	  

•  T2K	  started	  a	  discussion	  to	  extend	  the	  T2K	  running	  
up	  to	  25e21	  POT*.	  
–  T2K	  also	  started	  a	  discussion	  about	  the	  collaboraFon	  
efforts	  equivalent	  to	  1.5~2	  Fmes	  staFsFcal	  increase.	  (Horn	  
current	  opFmizaFon,	  new	  SK	  samples/fiducial	  volume,	  …)	
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A	  case	  study	  on	  expected	  POT	  projecFon	

Year	  (20XX)	 15	 16	 17	 18	 19	 20	 21	 22	 23	 24	 25	 26	 27	 28	

POT	  (e21)	 1.4	 2.3	 3.1	 3.9	 5.4	 7.1	 9.0	 11.1	 13.3	 15.7	 18.1	 20.6	 23.1	 25.5	

Power	  (MW)	 0.36	 0.40	 0.46	 0.70	 0.80	 0.89	 1.06	 1.12	 1.19	 1.29	 1.29	 1.33	 1.33	 1.33	

T2K	 T2K	  extension	
*	  Workshop	  for	  Neutrino	  Programs	  with	  faciliIes	  in	  Japan	  
	  	  	  hep://www-‐conf.kek.jp/ws_nu_prog_in_jp/	



IntroducFon	  (2)	
•  Hyper-‐K	  is	  a	  next	  generaFon	  underground	  water	  
Cherenkov	  detector	  ,	  the	  successor	  to	  Super-‐K.	  
–  The	  fiducial	  volume	  is	  25	  Fmes	  larger	  than	  one	  of	  Super-‐K.	  

•  Physics	  potenFal	  of	  Hyper-‐K	  +	  J-‐PARC	  ν	  beam*	  
–  CP	  phase	  precision:	  <19°	  
–  CP	  discovery	  coverage:	  76%	  (3σ),	  58%	  (5σ)	  

•  Proposed	  Fmeline	  of	  Hyper-‐K	  
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*	  PTEP	  053C02	  (2015)	  
	  	  	  	  CondiFon:	  1.5x1022	  POT	  (7.5MW	  x	  107	  sec.),	  sin22θ13=0.1,	  mass	  hierarchy	  known	  

2015	 2016	 2017	 2018	 2019	 2020	 2021	 2022	 2023	 2024	 2025	 2026	

Survey,	  Detailed	  design	 Access	  tunnels	 Cavity	  excavaFon	 Tank	  const.	

Photo-‐sensor	  	  
development	

Photo-‐sensor	  producFon	
Sensor	  installaFon	

OperaFon	
Prototype	



Current	  T2K	  systemaFc	  errors	
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T2K systematic uncertainty

QP sample Qe sample ࣆഥࣇ sample ࢋഥࣇ sample

ߥ flux 16% 11% 7.1% 8%
Q flux and 
cross section

w/o ND measurement 21.8% 26.0% 9.2% 9.4%
w/ ND measurement 2.7% 3.1% 3.4% 3.0%

Q cross section due to difference of 
nuclear target btw. near and far 5.0% 4.7% 10% 9.8%

Final or Secondary 
Hadronic Interaction

3.0% 2.4% 2.1% 2.2%

Super‐K detector 4.0% 2.7% 3.8% 3.0%
total w/o ND measurement 23.5% 26.8% 14.4% 13.5%

w/ ND measurement 7.7% 6.8% 11.6% 11.0%

Fractional error on number‐of‐event prediction
2014   o 2015

Many improvements
* 2014 error does not include the effect of multi‐
nucleon at the neutrino‐nucleus interaction.

There	  are	  on-‐going	  efforts	  to	  reduce	  this	  nucleus-‐dependent	  errors	  
with	  water	  target	  measurements	  in	  T2K	  near	  detectors.	

*	 *	

*	  2014	  errors	  don’t	  include	  the	  effect	  of	  mulF-‐nucleon	  bound	  state	  at	  the	  neutrino	  interacFon.	  



Effect	  of	  syst.	  errors	  for	  δCP	  measure.	  (1)	

•  At	  the	  goal	  of	  the	  T2K	  
extension*	  (25e21	  POT),	  
reducing	  systemaFc	  errors	  
from	  7%	  to	  2%	  is	  equivalent	  
to	  25%	  more	  data.	  

•  Syst.	  errors	  should	  be	  reduced	  
as	  much	  as	  possible	  to	  
maximize	  the	  physics	  
sensiFvity.	  
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E↵ect of Reduction of Systematic Errors
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• ��2 for resolving
non-zero �CP vs. POT

• Systematic error size
matters!
!T2K measurement of
�CP is systematics limited
at high statistics

• Sensitivity depends on
true value of sin2 ✓23 (and
�CP , of course)

• If errors can be reduced
to 2%, T2K can make
a >3� measurement of
non-zero �CP for any
value of sin2 ✓23 (at
�CP = �90�, NH)
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true	  δCP	  =	  -‐π/2,	  	  true	  MH	  =	  NH	  
50%	  ν	  +	  50%	  anF-‐ν	  mode	

Δχ2	  for	  resolving	  sinδCP≠0	  in	  T2K	  

Original	  goal	

Possible	  new	  goal	

*	  Discussion	  about	  the	  extension	  is	  just	  started.	  	  
	  	  	  Nothing	  has	  been	  decided	  yet.	  

preliminary	



Effect	  of	  syst.	  errors	  for	  δCP	  measure.	  (2)	

•  Significance	  of	  CP	  violaFon	  vs.	  δCP	  w/	  Hyper-‐K	  +	  J-‐PARC	  
–  Dominant	  syst.	  error	  is	  	  the	  intrinsic	  νe	  BG	  
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Intrinsic ⌫
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Intrinsic	  νe	  	  uncertainty	

20%	  error	  of	  intrinsic	  νe	  can	  ruin	  the	  sensiFvity.	  
<	  5%	  error	  is	  ideal.	

750kW,	  10	  years	  
ν:anF-‐ν mode	  =	  1:3	

True	  osc.	  param.	

E↵ect of ⌫̄
⌫ constraint (current x-sec model)

From our current cross section model

Normalisation uncertainty on all CC ⌫̄ events

Important for �cp

Studies

10yr HK data

1:3 FHC RHC running ratio

True oscillation parameters:
sin

2(2✓13) = 0.084± 0.005, sin2(✓23) = 0.5, sin2(✓12) = 0.306,
�m

2
21 = 7.5 · 10�5

eV

2,�m

2
32 = 2.4 · 10�3

eV

2
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20%	

5%	

preliminary	



T2K	  near	  detectors	  (ND280)	

8	

ND Limitations and Future Needs

ND280 Detector

9

Beam

0.2 T magnetic field 

Targets with segmented X 
and Y planes   

Active plastic scintillator 
targets interspersed with 
passive water layers 

π0 detector with brass 
radiator layers 

Surrounding ECALs 

0.2	  T	  magneIc	  field	

Fine-‐Grained	  Detector	  (FGD)	  
	  acFve	  plasFc	  scinFllator	  target*	  	  
	  (+	  passive	  water	  targets	  (FGD2))	  

π0	  detector	  (P0D)	  
	  acFve	  plasFc	  scinFllator	  targets*	  
	  +	  passive	  water	  targets	  
	  +	  brass	  radiator	  layers	  

Surrounding	  ECALs	

TPCs	  
•  parFcle/charge	  ID	  
•  Momentum	  measure.	  

*	  acFve	  targets	  with	  segmented	  X/Y	  planes	

Tracker:	  Constrain	  signal/BG	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  predicFons	  for	  OA	



LimitaFon	  of	  current	  near	  detectors	  (1)	

•  Detector	  acceptance	  
–  Super-‐K:	  4π	  coverage.	  
–  ND280:	  	  	  The	  large	  angle	  reconstrucFon	  efficiency	  is	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  limited	  to	  ~10%	  by	  geometry	  of	  the	  FGD.	  

•  Mass	  fracIon	  of	  water	  
–  Super-‐K:	  100%	  
–  ND280:	  	  	  	  47%	  (Analyses	  will	  use	  FGD1	  and	  FGD2(water).)	  

•  Neutrino	  flux	  
–  Super-‐K:	  	  point	  source	  
–  ND280:	  	  	  	  line	  source	  
–  OscillaFons	  change	  the	  energy	  dependence/the	  flavor	  of	  the	  
flux.	

9	

The	  diff.	  is	  relevant	  for	  extrapolaFng	  BGs	  
where	  oscillaFon	  effect	  is	  small:	  
NCπ0	  and	  intrinsic	  νe	



LimitaFon	  of	  current	  near	  detectors	  (2)	

•  Proton	  reconstrucIon	  
–  Energy/momentum	  threshold	  (from	  track)	  or	  energy	  
resoluFon	  (from	  vertex	  acFvity)	  of	  protons	  with	  the	  current	  
near	  detector	  may	  not	  be	  sufficient	  to	  give	  definite	  answer	  
for	  CCQE	  and	  MulF-‐nucleon	  CCQE-‐like	  interacFons.	  

•  νe	  measurement	  
–  The	  large	  amount	  of	  material	  surrounding	  the	  inner	  tracker	  
of	  the	  current	  ND280	  is	  a	  background	  source	  of	  converFng	  
photons	  (γ	  -‐>	  e+e-‐)	  in	  FGD	  for	  the	  νe	  measurements.	  

–  StaFsFcs	  of	  νe	  events	  for	  Eν	  <	  1.2	  GeV	  with	  the	  current	  near	  
detectors	  are	  too	  low	  for	  a	  few	  percent	  measurement.	  
(~10%	  stat.	  error	  for	  3.9e21	  POT)	  
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Candidate	  new	  ND280	  detectors	  
I	  	  
1.	  3D	  grid	  water	  detector	  
2.	  High	  pressure	  TPC	  
3.	  Water	  based	  scinFllator	  detector	  
4.	  Emulsion	  detector	
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WAGASCI	
•  3D	  grid-‐like	  structure	  	  
– x	  +	  grid	  +	  y	  +	  grid	  +	  …	  layers	  
– 4π	  angular	  acceptance	  for	  charged	  parFcles	  
– H2O(signal):CH(BG)	  =	  79:21	  
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[本研究の特色]

図 5: 格子状に組んだシンチレータ

•WAGASCI検出器
WAGASCI検出器のシンチレータを格子状に配置する方法は今までに

例がなく、水標的でありながらもニュートリノ反応で生じた二次荷電粒
子がどのような方向に飛んでも飛跡を再構成することができる画期的な
方法である。ミューオン以外の二次粒子を測定することで、ニュートリ
ノ反応モード別の測定も期待できる。
[国内外の関連する研究の中での当該研究の位置づけ、意義]
多くのニュートリノ実験においてニュートリノ反応モデルの不定性は

大きな系統誤差を生んでいる。ニュートリノの反応断面積を測定し、ニュートリノ反応モデルに制限を与えること
は T2Kのみでなく、ニュートリノコミュニティー全体に有益である。
[インパクトと将来の見通し]
• レプトンセクターでの CP対称性の破れは、未解決の問題である”物質優勢宇宙の起源”に迫る非常に重要な
研究である。

• WAGASCI検出器の開発、測定は次世代の計画であるハイパーカミオカンデを用いた長基線ニュートリノ振
動実験の前置検出器をデザインする際に良い材料となる。

（１年目）

• T2K前置検出器のProton Moduleと INGRIDを用いた反ニュートリノの反応断面積の測定の結果をまとめる
• WAGASCI検出器の制作を完了、前置検出器ホールへのインストールをし、ニュートリノのビームデータを
取得する

• WAGASCI検出器で、ビームデータと宇宙線データを収集し、検出効率などの性能を評価する
• WAGASCI検出器のデータから、粒子の単位長さあたりのエネルギー損失、飛程、シンチレータでの光量を
用いた粒子識別の方法を、シミュレーションやビームテストの結果と比較して研究する

(２年目）

• 反応点付近の陽子などの短い軌跡やエネルギー損失から、荷電カレント準弾性散乱 (CCQE)反応のイベント
選択の方法を研究する

• WAGASCI検出器での CCQE反応を選択する手法を確立し、それぞれの反応断面積と反応断面積比を求める

(３年目）(DC２は記入しないこと)

• νe(νe)出現モードと νµ(νµ)消失モードについて、ニュートリノ振動の同時解析を行い、CP非対称パラメー
タ δCP を測定する

• 以上の結果を博士論文にまとめる

林野竜也
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WAGASCI	  (J-‐PARC	  T59)	
WAGASCI  detector configuration   

H2O/CH Detector 
- 2 Water Modules 
- 2 Plastic Modules 
- 5120 Channels 

Side MRD Detector 
 - 4 Modules 

Downstream MRD Detector 
 - Magnetized Steel / Scintillator Detector 

WAGASCI  location  in the pit      

Detector Position in the Pit 

Detector Position on B2 Floor B2	  floor	  of	  ND280	  pit	  
(Off-‐axis	  angle	  =	  1.6	  deg.)	

Detector$posiTon�

Off0axis$angle$=$1.6$degree�

WAGASCI  location  in the pit      

Detector Position in the Pit 

Detector Position on B2 Floor 
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Figure 6: Neutrino energy spectrum at the candidate detector position(red). The spectrum at
the ND280 site (black) is also shown.

5 Requests

5.1 Beam condition and beam time

The test experiment can run parasitically with T2K, therefore we request no dedicated beam
time nor beam condition.

We request 1 × 1021 POT of ν (not anti-ν) beam data for the test experiment. In order to
achieve the goals discussed in Sec. 3, we would like to use the B2 floor of the near detector hall
of the J-PARC neutrino beam-line as a test facility of the neutrino beam.

5.2 Request of equipment

We request the followings from April 2015 until a long beam shutdown period after the end of
the test experiment.

• Site for the detectors and the readout system (4m × 8m) in the B2 floor of the near detector
hall (Fig. 5)

• Electricity (∼10kW) for the electronics and water circulation system

• Beam timing signal and spill information

• Network connection

The infrastructure for all these is already existing. Equipment such as the detector itself will be
covered by external funds.

References

[1] K. Abe et al., Phys. Rev. Lett. 112, 061802 (2014).

9

Neutrino$flux�

3�2�1�0�
Neutrino$energy$[GeV]�

x1015�

0�

2�

4�

6�

8� $WAGASCI$$$
$ND280�

ν�


�

Goals	  
	  Measure	  cross	  secFon	  raFo	  between	  H2O	  and	  CH	  with	  	  
	  4π	  acceptance/<3%	  error	  to	  increase	  T2K	  sensiFvity.	  
	  

Schedule	  
•  2016:	  ConstrucFon	  of	  detectors	  
•  Early	  2017:	  Start	  beam	  measurement	  

An	  approved	  test	  experiment	  by	  J-‐PARC	  PAC	  (T59).	



WAGASCI	  in	  ND280	  magnet	
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side	  view	  

B	  

 ν beam	  	  
WAGASCI	

Side-‐TPC	

Side-‐TPC	 Downstream-‐	  
TPC	

µ	

p	

Excellent	  charge/parIcle	  idenIficaIon	  and	  momentum	  
measurement	  for	  large	  angle	  tracks	  with	  side-‐TPCs.	



High-‐pressure	  TPC	

•  High-‐pressure	  TPC	  
–  Low	  thresholds.	  	  
	  	  	  	  	  è	  SensiFve	  to	  hadronic	  final	  state.	  
–  excellent	  PID	  capabiliFes.	  
–  Momentum	  measurement.	  
–  Almost	  uniform	  4π	  acceptance.	  

•  Goals	  
–  MulF-‐nucleon	  modeling.	  
–  MulF-‐pion	  resonance.	  
–  Final	  state	  interacFon.	  
–  Secondary	  interacFon	  in	  detector.	  
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F.Sanchez, Near detector workshop  19th January 2014, Tokai

Number of Events

2x2x2 m3

20ºC 5 bars 10 bars

He
6.65 kg 13.3 kg

520 evt/1021pot 1040 evt/1021pot

Ne
32.5 kg 67.1 kg

2543 evt/1021pot 5086 evt/1021pot

Ar
66.5 kg 133 kg

5203 evt/1021pot 10406 evt/1021pot

CF4
146.3 kg 293 kg

11450 evt/1021pot 22893 evt/1021pot

CC events assuming a 8m3 detector & full FV.

Expected ~1.6 1021 pot/year for ~4 years

#	  of	  CC	  events	  assuming	  full	  FV.	

F.Sanchez, Near detector workshop  19th January 2014, Tokai

TPC concept

HPTPC

tracker or 
range 

detector

Ecal

Ecal

Ecal

• Low momentum 
detected inside the 
TPC. 

• Large momentum done 
with tracker chambers 
or range detector.

• Calorimeter for neutral 
energy containment. 

�

⊗ B



Water	  based	  scinFllator	  cells	  	  
in	  FGD/P0D	
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PRESENT near detector:
passive water layers
between plastic scintillator
dead region
low energy recoil protons
in passive water produce
no signal

WHAT WE WANT:
active scintillating water:
NO dead region,
ALL recoil particles detected

“1 cm bars too coarse”

Need water target in near
detector since far detector
is Water Cerenkov;  non-trivial
carbon-oxygen nuclear
interaction differences

Present	  near	  detector:	  	  
Passive	  water	  layers	  between	  
plasFc	  scinFllator	  layers	  
è Dead	  region.	  
è Low	  energy	  recoil	  protons	  	  
	  	  	  	  in	  passive	  water	  produce	  no	  signal.	

AcIve	  scinIllaIng	  water:	  
Introduce	  	  water	  based	  scinFllator	  
cells	  (<	  5mm	  cell	  size).	  
èNo	  dead	  region.	  
èAll	  recoil	  parFcles	  detected.	  	

R&D	  is	  on-‐going.	



Emulsion	  detector	  (J-‐PARC	  T60)	

17	

An	  approved	  test	  experiment	  by	  J-‐PARC	  PAC	  (T60).	
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Emulsion Shifter

・・・

)))

))

)

36hours pitch

20min. pitch

1.25sec. pitch

νννν

Emulsion film

Iron plate

Emulsion Shifter was placed at between ECC
and INGRID.

Doublet emulsion films are set on moving 
stages controlled by stepping motor.

Top stage      ! 36 hours / step
Middle stage  ! 20 min. / step
Bottom stage ! 1.25 sec. / step

Time stamp is given by coincidence of tracks 
on each stage.
! Position difference from reference point

= Timing information

dx

Cells are filled with H2O or CH
Plastic scintillator Emulsion films

in Water target chamber 
( water layer : 2mm )( Cell size is 5 x 5 x 2.5 cm3)

~ New detectors ~ 
WAGASCI(T59) Emulsion detector(T60)

24

Emulsion	  shi`er	  
-‐	  Time	  stamps	  for	  ν	  events	  
-‐	  Hybrid	  analysis	  with	  	  
	  	  	  other	  near	  detectors	

Water	  target	  
emulsion	  chamber	  



Emulsion	  detector	  (J-‐PARC	  T60)	
Pilot	  analysis:	  MulF-‐track	  vertex	  search	

1313

Pilot analysis: Multi-track vertex search

4 track vertex – 1
3 track vertex – 2
2 track vertex – 6

Selection :
Search plate ! PL10-PL36
Minimum hit plates of tracks > 6
Position & angle allowance for track connection 

! up to 3σof 500MeV/c

Expected ν int. ~ 10 events for this selection



Candidate	  intermediate	  detectors	  
(1~2km	  from	  target)	  
	  	  
1.	  Water	  Cherenkov	  detector	  with	  wide	  	  	  
	  	  	  	  off-‐axis	  angle	  coverage	  
2.	  Gd-‐doped	  water	  Cherenkov	  detector	

19	



νPRISM	
•  An	  experimental	  method	  to	  remove	  uncertainFes	  of	  
neutrino	  interacFon(+	  FSI&SI)	  from	  oscillaFon	  analysis.	  

20	nuPRISM Status 6

Linear Combinations
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from flux model
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kinematic 

distributions

Linear combinations reproduce the 
oscillated flux, and predict muon kinematic 
distributions for the oscillated flux

+0.4

-1.0

+0.8

Use	  the	  templates	  of	  muon	  p-‐θ	  distribuFon	  for	  the	  oscillaFon	  fit.	



νPRISM	
•  Detector	  
–  10m	  diameter	  water	  cherenkov	  detector	  (~3000	  8	  inch	  
PMTs	  with	  40%	  photo	  coverage)	  

–  50m	  height	  detector	  hall	  (covers	  1-‐4°	  off-‐axis.)	  
– Move	  up	  and	  down	  in	  the	  hall	  to	  take	  measurement	  at	  
different	  off-‐axis	  angles.	  

nuPRISM Status

The nuPRISM Detector

3

Average neutrino direction

Ground level

1000 m

50 m

100 m

• ~10 m diameter water cherenkov detector at ~1 km from the neutrino production point 

• 50 m height with top at ground level - covers 1-4º off-axis 

• 10 m tall instrumented ID that can move up and down in the water volume to take 
measurements at different off-axis angles 

• ~3000 8 in PMTs with 40% photo-coverage

21	



νPRISM	
•  νµ	  disappearance	  analysis	  
–  4.3	  %	  systemaFc	  effect	  on	  sin22θ23	  from	  “mulF-‐nucleon”	  
modeling	  when	  using	  ND280.	  è1.2%	  when	  using	  νPRISM.	  

•  Other	  physics	  
–  Short	  baseline	  νe	  appearance	  (Sterile	  neutrino	  search).	  
–  Cross	  secFon	  measurements	  using	  monochromaFc	  beams.	   22	

nuPRISM Status 7

νμ Disappearance

• The use of nuPRISM in the disappearance  
analysis has been presented at previous  
meetings 

• Linear combinations of the nuPRISM fluxes 
can reproduce the oscillated flux between 
0.4 and 1.5 GeV 

• 4.3% systematic effect on sin2θ23 from  
“multinucleon” modeling when using ND280 

• Reduced to 1.2% when nuPRISM is used 
in the extrapolation 

• Further studies of the total systematic error 
in the nuPRISM analysis are ongoing  
(see next slide)

M. Scott

nuPRISM Status 8

νμ Disappearance Sensitivity

Compare the disappearance sensitivity to the T2K (neutrino only) sensitivity 
studies 
Using consistent SK detector modeling uncertainties 
See improvement compared to the T2K result

Preliminary

A	  template	  for	  the	  oscillated	  flux.	 sin2θ23	  sensiFvity	  (T2K,	  ν	  mode)	
preliminary	



TITUS	

23	

TITUS%

4%

~2km	  from	  J-‐PARC	  
	  	  	  2.5°	  off-‐axis	

2kton	  Gd-‐doped	  (0.1%)	  water	  Cherenkov	  detector	

MagneIzed	  muon-‐range	  detectors	



TITUS	
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Gadolinium%Doping%
•  Neutron%capture%on%Gadolinium:%%

–  Cross%secMon%of%49,000b%compared%to%0.3b%for%H%%
–  8MeV%gamma%cascade%with%4>5MeV%visible%energy%%
–  0.1%%Gd%doping:%�90%%of%neutrons%capture%on%Gd%%

•  New%signal%to%disMnguish%ν%/%ν%%events%and%different%interacMon%modes:%%
–  νμ%CCQE:% % %νμ%+%n%→%μ−%+%p%% % % % % %0%neutrons%
–  νμ%CCQE: % %νμ%+%p%→%μ+%+%n % % % % %1%neutron%
–  νμ%MEC:% % %νμ%+%(n+n)%→%μ−%+%p%+%n% % % %0.2%neutrons%on%average%
–  νμ%MEC:% % %νμ%+%(p%+%p/n)%→%μ+%+%n%+%p/n% % %1.8%neutrons%on%average%

•  Greatly%enhanced%sample%puriMes:%%
–  νμ%CCQE:%36%%→%67%%%
–  νμ%CCQE:%63%%→%88%%%

•  Feasibility%of%Gd%in%water%Cherenkov%detector%being%tested%in%EGADS%%arXiv:
1201.1017%% 5%

νµ	  +	  (n	  +	  p/n)	  -‐>	  µ-‐	  +	  p	  +	  p/n	

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.

www.sciencemag.org SCIENCE VOL 320 13 JUNE 2008 1477

REPORTS

R.	  Subedi	  et	  al.,	  Science	  320,	  1476	  (2008).	



TITUS	
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δCP	  sensiIvity	  (Hyper-‐K	  +	  J-‐PARC)	

Intermediate Detectors / Mark Rayner, University of  Geneva6 Aug 2015 23

Constraining δCP

90% contours

10 years at 750kW 
Equal POT FHC:RHC 

For  δCP=0, achieve 0.22 radians precision  with HK only  
Addition of TITUS  gives 0.14 radians precision  

(36% improvement) 

17% precision improvement 
due to neutron tagging 

17%	  precision	  improvement	  
due	  to	  neutron	  tagging	

750kW,	  10	  years	  
ν:anF-‐ν mode	  =	  1:1	

δCP%SensiMvity%

15%

For%δCP=0,%achieve%0.22%radians%precision%with%HK%only%
AddiMon%of%TITUS%gives%0.14%radians%precision%(36%%improvement)%
%
%
%

90%%credible%intervals%
10%years%at%750kW%
Equal%split%FHC:RHC%%
%

preliminary	

preliminary	



Physics	  requirements	  vs.	  detectors	  
(my	  personal	  view)	

26	

νe	  
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secIon	

H2O	  
target	
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Int.	  νe	  
BG	

Muon	  
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vs.	  ν	
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FS	
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neutron	  
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Summary	

•  ReducFon	  of	  systemaFc	  errors	  is	  ge}ng	  more	  
important	  in	  the	  era	  of	  T2K	  extension*	  to	  
improve	  the	  sensiFvity.	  
–  It	  becomes	  more	  important	  to	  constrain	  the	  
errors	  with	  near	  detector	  measurements.	  

•  Each	  new	  candidate	  near	  detector	  has	  pros	  
and	  cons.	  
– We	  should	  make	  final	  decision	  taking	  into	  account	  
complementarity	  among	  them.	  

27	*	  Discussion	  about	  the	  extension	  is	  just	  started.	  Nothing	  has	  been	  decided	  yet.	  


